The use of zero-valent iron nanoparticles (nZVI) has been advocated for the remediation of 19 both soils and groundwater. A key parameter affecting nZVI remediation efficacy is the 20 mobility of the particles as this influences the reaction zone where remediation can occur. 21
Introduction

47
To date, nanoscale zero-valent iron (nZVI) particles have been the most widely used and 48 researched engineered nanoparticles (ENPs) for environmental remediation ( al. (2015) found that direct addition of nZVI to a highly contaminated mine site soil 62 significantly decreased both in vivo Pb bioavailability (mouse model) and As bioaccessibility 63 (SBRC gastric and intestinal phases), indicating that the addition of nZVI as a soil 64 amendment could potentially reduce the human and environmental health risks associated 65 with mining-impacted soils. 66
One of the most commonly cited challenges to the more widespread utilisation of nZVI for in 67 situ remediation is its limited mobility in natural porous systems. This is mainly due to 68 particle aggregation and sedimentation, and related problems such as pore blocking and 69 deposition of nZVI onto the granular porous matrices. Together, these processes can limit the 70 effectiveness of in situ remediation (Schrick et al. 2004 , Quinn et al. 2005 
, He and Zhao 71
In order to remove the excess chemicals from the synthesis product, the final nZVI solution 166 was placed on a magnet for 5 hours to settle, and the supernatant was then discarded and 167 replaced with degassed and deionised water. This purification process was repeated three 168 times to obtain a concentrated -purified‖ stock solution containing a negligible concentration 169 of free CMC. The recovery rate was determined by analysing both the supernatant and the 170 stock solution with a gamma radiation counter (2480 Wizard 2 -3, Perkin Elmer). The recovery 171 was 81% and the final stock solution concentration was adjusted to 50 g/L. 172
Detailed characterisation (i.e. morphology, elemental composition, particle size distribution 173 and specific activity for the 59 Fe-CMC-nZVI) of both nanoparticle suspensions used in these 174 experiments is provided in the Supporting Information. 175
Column transport experiments 176
Soil type and experimental design 177
Two South Australian topsoils (0-15 cm) were collected for this study; an uncontaminated 178 sandy-loam soil from Mount Compass (intact soil cores extracted onsite) and a CCA-179 contaminated sandy-loam soil collected from a timber storage area in the Barossa Valley 180 (intact soil cores extracted onsite). CCA has been widely employed worldwide as a wood 181 preservative to expand the lifespan of treated wooden structures exposed to weather 182 (Hingston et al. 2001 ). Various studies have, however, demonstrated that the CCA 183 metals/metalloids may leach when the treated wood is exposed to environmental conditions. 184
This ultimately results in elevated concentrations of Cr, copper (Cu), and As in the 185 surrounding environment of the CCA-treated wooden structure (Hopp et al. 2008) . 186
The physico-chemical characteristics of both soils are provided in the Supporting Information 187 (Table S2) . From this point forward, the two topsoils will be designated as MC and CCA 188 soils. 189 
Evaluation of commercialised N25S mobility by means of ICP-MS-based total Fe 220 analysis 221
As described above, 2 g of N25S were injected into the top of the MC soil columns before re-222 starting the irrigation system. Four soil columns were used for this experiment; three replicate 223 columns to which nZVI was added and one control column to determine the background Fe 224 concentration in the MC soil (in addition to the baseline data collection for each column 225 which also determined this). The collected effluent samples were acid digested and Fe 226 concentration was determined using inductively coupled plasma mass spectrometry (ICP-227 MS) (Agilent 8800 Triple Quadrupole, Agilent Technologies, CA, USA). The data presented 228 are the average of replicate experiments (n = 3). 229
Gamma counting method to test mobility of 59 Fe-CMC-nZVI 230
The mobility of radiolabelled nZVI was assessed in both MC and CCA soils. Three replicate 231 columns of each soil were used for the transport study and data presented are the average of 232 replicate measurements (n = 3). 59 Fe-CMC-nZVI (i.e. 2 g nZVI containing 0.123 MBq or 233 2,072K counts per minutes (CPM)) was added on top of each column and 2 ml aliquots of the 234 collected effluent samples were analysed directly using a gamma radiation counter (2480 235 Wizard 2 -3, Perkin Elmer) without any further sample preparation. Replicate sample tubes 236 containing blank solutions (i.e. MilliQ water) were included in each rack of samples analysed 237 on the gamma counter in order to determine the relevant background radiation, and this 238 background value was subsequently subtracted from the results obtained for the effluent 239 samples measured in that rack. For this study, no control columns were needed as the gamma 240 counter only detects the gamma emission from the radiolabelled 59 Fe-nZVI. This is one of the 241 main advantages of this method as the background of naturally occurring Fe colloids present 242 in the columns does not interfere with the results. The mass of eluted nZVI was calculated by 243 measuring the activity in solution (adjusted to Time 0 -taking into consideration the 244 radionuclide decay) and using the specific activity of the nZVI (i.e. at Time 0). 245
To investigate the effect of wetting and drying on the mobility of nZVI, the irrigation system 246 was stopped for one month after the first set of experiments and then started again for three 247 consecutive days. Effluent samples were collected at the same frequency as for the first set of 248 experiments and analysed directly with the gamma radiation counter. 249
Following the completion of the experiments, each column was dissected into different layers 250 to determine the spatial distribution profile of retained nZVI. This gave a total of 10 soil layer 251 samples, with a 1 cm section for the top layer, 1.5 cm section for the underlying layer, and 252 2.5 cm sections in the lower layers. Preliminary experiments were first conducted to assess 253 the activity attenuation of each of the soil types compared to water, and the results ( Figure  254 S7, SI) showed that for the highest concentrations tested, the attenuation was less than 10 %. 255 Therefore, three replicate soil samples (32 grams) were extracted from each layer and 256 analysed directly with the gamma radiation counter (i.e. without any sample preparation). 257 This is another advantage of this method over conventional elemental composition analysis 258 (e.g. ICP-MS), which would have required sample preparation in the form of acid digestion 259 and would not have differentiated between the injected nZVI and the natural Fe already 260 present in the soil columns.
Co-transport of contaminants in CCA-contaminated soil 262
Eluted samples from the CCA soil columns were also acid digested and elemental 263 concentrations of Fe, Cr, copper (Cu) and (As) were determined by ICP-MS. For this 264 experiment, the initial leaching period (i.e. baseline study prior to adding nZVI) was used as 265 control data for each column due to the heterogeneity in contaminant concentration between 266 the different replicate columns. Leachates from the baseline study were acid digested and 267 analysis. Importantly, we also note that in the case of a soil with higher and/or unevenly 292 distributed Fe elution, standard ICP-MS would not be sensitive enough to detect the spiked 293 engineered nanomaterials eluted from the soil. This was thus the basis for proposing the 294 method of isotopic labelling to circumvent this challenge. 295
The experimental breakthrough curve for N25S, shown in Figure 1c , indicates that only a 296 small fraction of the initial injected mass was eluted from the MC soil columns (i.e. m/m 0 297 was less than 0.0004 at 25 hours); suggesting that most of the nZVI particles were retained in 298 the column. Mass balance calculations, presented in Table S3 (SI), confirmed that less than 299 20 mg of N25S were eluted after 72 hours which represents less than 1% of the injected mass 300 (2 g). 301 even though the nanoparticles were negatively charged, as even though the net charge of the 324 soil was slightly negative (Table S2 ), a number of anions are known to be sorbed in sub-325 acidic soils. It is therefore very probable that all three processes (i.e. straining, aggregation 326 and sorption) contributed to limiting the mobility of nZVI. 327 3.2 Evaluating the mobility of radiolabelled CMC-nZVI using gamma counting 328
Transport of 59 Fe-CMC-nZVI in MC soil columns 329
The mobility of radiolabelled CMC-nZVI was first assessed in MC soil columns. After an 330 initial leaching period of 72 hours (similar to the N25S mobility study), the columns were left 331 to dry for one month. The irrigation system was then started again for 72 hours to assess theeffect of the drying/wetting cycle on the mobility of nZVI. Results are presented in Figure 2  333 and Table S4 (SI) . 334
The KBr tracer breakthrough (Figure 2a Results from the mass balance calculation in Table S4 (SI) confirmed that most of the 348 particles (i.e. more than 98.9% of the total injected mass) were retained in the columns. 349
Results in Table S4 ( appreciable effect on the mobility of nZVI as the mass eluted during the second leaching 362 period remained significantly low (i.e. less than 1 mg). This could be due to the fact that 363 aggregates of nZVI had become trapped in down-gradient pore throats which restricted their 364 subsequent mobility, and/or degradation of the coating agents and oxidation of the nZVI core 365 as this would have promoted particle retention. 366
After completion of the mobility study, all three columns were dissected into 10 layers in 367 order to determine the distribution of the nZVI retained in the columns (Figure 3 ). More 368 detailed information, such as the mass of nZVI recovered from the dissected columns, can be 369 found in Table S5 (SI). Results indicate that about 40 to 65% of the retained particles 370 remained in the first few centimetres; which is most probably related to the processes 371 these processes have contributed to some extent toward this result. 380
In both columns 2 and 3, some particles (i.e. about 5% of the total mass recovered) were 381 found in the deepest layers; which confirms the early elution of particles in these two 382 columns due to preferential flows. 383 
Transport of 59 Fe-CMC-nZVI in CCA-contaminated soil columns 385
The transport of radiolabelled CMC-nZVI in the CCA soil columns was also assessed and the 386 results are presented in Figure 4 and Table S4 (Table S4 , SI). The breakthrough curves of 59 Fe-CMC-nZVI were almost 390 identical in both soils with increasing mass eluted, up to a peak occurring at about 18 hours, 391 and then slowly decreasing to the end of the first leaching period. The second leaching period 392 (i.e. after the columns were left to dry for one month) showed no enhancement in particle 393 mobility; which is similar to the trend observed in the MC soil columns. 394 
395
The retention profiles of 59 Fe-CMC-nZVI in the CCA soil columns were similar to those 396 observed in the MC soil columns; exhibiting a hyperexponential shape. Figure 5 shows that 397 more than 90% of the particles were retained in the top centimetre of the columns; 398 confirming the low mobility of the particles. This value rapidly decreased to 5-10% in the 399 following layers (i.e. up to 5 cm deep) and less than 0.5% in the deepest layers. 400 The potential for nZVI to co-transport inorganic contaminants was assessed using the CCA 403 soil columns and the results are presented in Figure 6 . For this experiment, the baseline datafrom the initial leaching period (i.e. prior to adding nZVI) was used as control data for each 405 column. This was preferable to using separate control columns for comparison as it helps 406 After decreasing, the eluted mass of all three contaminants began to increase again, up to a 426 peak at about 18 hours which corresponds to the peak observed for Fe in both Figure 6 Elimelech (1996) suggested that the following three criteria should be present for the effect of 430 colloid-facilitated contaminant transport to be important: (i) colloids should be present in 431 large enough concentration, (ii) the contaminant should be adsorbed to the colloids and (iii) 432 the colloids should be mobile in the porous medium. As the eluted mass of all three 433 contaminants was much lower (i.e. in the μg range - Figure 6 ) than the injected mass of nZVI 434 (i.e. 2 g), and previous studies have already demonstrated that nZVI can effectively adsorbed 435 metals, both criteria (i) and (ii) for colloid-facilitated transport are met. However, we have 436 demonstrated that the mobility of 59 Fe-CMC-nZVI in the CCA soil columns was very limited 437 and that most of the retained particles were present in the top first centimetres of the columns. 438
Nonetheless, the mass of eluted Fe from nZVI (i.e. about 3-7 mg) remained higher than the 439 eluted mass of contaminants (i.e. less than 100 μg) which may indicate the effective transport 440 of all three contaminants by the eluted nZVI. 441
Finally, as discussed in the previous section, the wetting/drying cycle did not have any effect 442 on the mobility of nZVI or the three contaminants. Figure 6 shows that the eluted mass of Cr, 443
Cu, As and Fe was fairly steady and quite low during the second leaching period. It is important to note that the radiolabelled nanoparticles used in this study were produced 466 for research purposes in order to overcome some of the inherent challenges in studying the 467 mechanisms and processes of nZVI remediation in complex soil systems. 
